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I. INTRODUCTION
Joining metallic nanomaterials into certain functional modules has attracted lots of attention, because this process can be used to precisely fabricate nanoelectronic and nanophotonic devices which have shown promising applications. [1] [2] [3] [4] [5] [6] In the joining process, it is usually required to control the position of and limit the damage to the pre-joined nanomaterials. Joining nanomaterials via (bio)polymer molecules such as DNA can minimize the destruction of the nanomaterials and has shown some capacity of manipulating the pre-joined nanomaterials. 7, 8 However, this joining process is complicated, and the relative low strength of the adhesive bonds between the polymer and the metallic nanomaterials weakens the stability of the final structures.
Joining by laser irradiation with laser pulse lengths exceeding one picosecond can produce robust metallic bonding between metallic nanomaterials but often faces the challenge of minimizing damage to the pre-joined nanomaterials. [9] [10] [11] [12] [13] [14] Recently, a new femtosecond (fs) laser nanojoining technique has shown promise in solving this issue, because of its small thermal damage to irradiated nanomaterials. 15, 16 It has been reported that, with fs laser radiation in vacuum (10 À6 Torr), two adjacent Ag nanoparticles (NPs), separated by $30 nm, could be interconnected through the re-deposition of locally ablated material, while the geometries of the interconnected particles remained almost intact. 16 The required small separation distance and the need for high vacuum are two potential limitations in this technique in industrial applications. 16 One possible solution is to employ a reactive gas to assist the joining process. The role of this gas is to improve the absorption of laser energy 17 or to enhance heat generation through chemical reaction with the pre-joined materials, 18 which then accelerates the re-deposition process due to the increased amount of locally ablated material. In this work, we have studied the influence of gases (specifically O 2 ) on the morphology of fs laser irradiated Ag NPs on a Si wafer and have investigated their overall contribution to the interconnection of these particles. We have identified the role played by localized surface plasmon (LSP) induced electric field enhancement in hotspots in the interconnection process.
II. EXPERIMENTAL AND SIMULATION
Ag NPs were deposited on a Si wafer (as received, MRS material) by fs laser ablation of an Ag target at a fluence approximately 1.4 J/cm 2 , as reported previously. 16 The particles lie with their flat surface in contact with the Si substrate, which is similar to an elliptic cylinder with an axis ratio of 1.08 6 0.06 (based on 200 measurements) and a height to diameter ratio of 2.8 6 0.6 (based on 45 AFM measurements). The size distribution of these particles is in the range between 50 and 600 nm (Fig. 1) . In the following data, particles with sizes <50 nm are not counted because it is difficult to distinguish the change in morphology of these particles before and after fs laser radiation. The laser with 800 nm wavelength, 35 fs pulse duration, and 1 kHz repetition rate is manufactured by Coherent Inc. The laser operates in the TEM 00 with M 2 < 1.3 and a beam diameter of 6 mm. This effectively covers the entire irradiated Si wafer.
After deposition, the particles on the Si surface were then irradiated using the same fs laser at fluences between 2 and 14 mJ/cm 2 for different times. Different gases (air, nitrogen (N 2 ), and O 2 ) and pressures (760, 10
À2
, 1, and 10 À4 Torr) were used to identify the influence of the gases on the morphology of fs laser irradiated particles. The morphology of the irradiated Ag NPs was analyzed by scanning electron microscope (SEM, LEO 1550), and the cross-section of the interconnected particles was studied by transmission electron microscope (TEM, JEOL-2010F) which is equipped with energy dispersive X-ray spectrometer (EDS, Oxford). Commercial FDTD software (Lumerical Solutions) was used to identify the electric field enhancement in the Ag particles irradiated at 800 nm.
III. RESULTS AND DISCUSSIONS
To study the feasibility of obtaining high integrity interconnection of Ag NPs at atmospheric pressure rather than in high vacuum (10 À6 Torr), 16 Ag NPs were irradiated with fs laser pulses at pressures ranging from 1.3 Â 10 À4 Torr to 760 Torr. SEM images of the morphology of irradiated particles show that, at pressures of 1.3 Â 10 À4 and 1.7 Â 10 À2 Torr (Figs. 2(a) and 2(b)), Ag NPs were ablated in the two pole areas which were parallel to the direction of the laser polarization. The size distribution of these ablated particles was centered between 60 and 150 nm (Fig. 2(c) ). This can be attributed to hotspot-enhanced localized ablation in the pole areas due to the excitation of LSPs. 19 The ablated material then re-deposited nearby forming "tabs," and resulting in the extension of the particle in the direction of the laser polarization. The L/D ratio compares the length of the "tab" L (indicated by the red dashed line in the figure) to the particle diameter D. This ratio is used to characterize the ablation behavior of irradiated NPs at different atmospheric pressures and minimizes the effect of particle size. This ratio is 0.13 6 0.06 based on measurements for 50 particles as shown in Fig. 2(c) , at a pressure 1.7 Â 10 À2 Torr. This directional extension of Ag NPs shows the potential for interconnecting well-separated particles. When the particles were irradiated at 760 Torr, similar "tab" structures were obtained (Figs. 2(d) and 2(e)), and the L/D ratio increased to 0.27 6 0.09 (based on 50 particles, the size distribution of these particles is shown in Fig. 1(f) ). This suggests that an increase in air pressure enhanced the ablation of the particles in the direction of the laser polarization.
It should be noted that selective ablation was also observed in particles with sizes exceeding 300 nm (Figs. 2(e) and 2(f)). As it can be shown that the enhancement factor in LSP-induced hotspots, which contribute to the ablation of irradiated particles, is much reduced in large particles (>300 nm) compared to that in particles with sizes between 50 and 150 nm; ablation in larger particles is probably due to an LSP-triggered reaction. Since air consists of 21% oxygen (O 2 ) and 78% nitrogen (N 2 ), by volume, we have investigated the contribution of each of these gases by irradiating Ag particles at atmospheric pressure in pure N 2 and O 2 . SEM images of the morphology of Ag particles irradiated in N 2 ( Fig. 3(a) ) and O 2 ( Fig. 3(b) ) indicate that ablation is enhanced in O 2 compared to N 2 . The L/D ratio in N 2 , 0.12 6 0.03, was close to that in vacuum, while the ratio in O 2 (0.21 6 0.04) was much larger than that in N 2 and close to that in air. These results imply that O 2 plays a dominant role in enhancing the ablation of Ag nanoparticles under fs laser irradiation.
The reaction between O 2 and Ag is negligible at room temperature, 20 suggesting that laser radiation initiates the reaction of O 2 with Ag. Three intensity dependent interaction regimes, corresponding to multi-photon dissociation (total energy <5.2 eV) or ionization (total energy <12.1 eV) of O 2 , have been reported. 21, 22 These are
where n, m, and l are the numbers of the laser photons absorbed by O 2 molecules in the dissociation (Equation (1)) and ionization (Equations (2) and (3)) processes. The threshold energy for the dissociation of O 2 (Equation (1)) is 5.2 eV, 23 while those for ionization of O 2 (Equation (2)) and O (Equation (3)) are 12.1 eV and 13.6 eV, 24, 25 respectively. This indicates that the dissociation of O 2 dominates the interaction relative to ionization of O 2 and O in the laser-O 2 interaction. Here, the photon energy is 1.55 eV, and absorption of five photons is needed to dissociate O 2 . 21 After the dissociation of O 2 , energetic O atoms will possess a kinetic energy of 1.28 eV which is half the energy remaining following the absorption of five laser photons and dissociation of the molecule. These energetic atoms impact and react to form an oxide at the surface of the Ag particle. Assuming that all the kinetic energy of the O atom is released in its reaction with the surface of Ag particle, possible reactions between O and Ag are 26, 27 O þ 2Ag ! Ag 2 O þ 154: 6 kJ=mol;
Equations (4)- (6) clearly show that these reactions are highly exothermic so it can be expected that some of this energy will result in localized heating in the Ag particle. Due to its low decomposition temperature ($190 C), Ag 2 O will decompose if the temperature increase in reaction (4) exceeds 190 C. Since reactions (5) and (6) occur only after the formation of Ag 2 O these may not take place in the fs laser radiation process. The decomposition of Ag 2 O can be written as
which is endothermic by $31 kJ/mol. The reverse reaction (7) then becomes dominant as the temperature of the Ag particle increases. As we find that no Ag oxides are detected on the particles after irradiation, the reverse reaction must occur at a sufficient rate to preclude the accumulation of oxide. The overall reaction is then This suggests that the enhancement in local heating in fs laser irradiated Ag particles arises from the surface recombination of O atoms to form O 2 . It also implies that the degree of local heating enhancement will then depend on the density of O atoms at the surface of the Ag particle and will be a function of gas pressure and laser fluence.
As shown in Fig. 4(a) , with the increase of N 2 pressure from 10 À2 Torr to 760 Torr, the L/D ratio of Ag particles which were irradiated by fs laser at a fluence approximately 10 mJ/cm 2 for 10 s was $0.16-0.2. The absence of a strong effect of pressure on L/D ratio arises because N 2 does not react with Ag particles. A significant variation of the L/D ratio was observed when the Ag particles were irradiated by fs laser at different air pressures (corresponding to different O 2 density). To quantify these effects, Fig. 4(b) shows the change in the L/D ratio with O 2 density at a constant laser fluence of 7.2 mJ/cm 2 and irradiation time of 10 s. It is apparent that increasing the O 2 density from 6 Â 10 11 /cm 3 (1 Â 10 À4 Torr) to 6 Â 10
15
/cm 3 (1 Torr) results in an increase in the average L/D ratio from 0.1 to 0.25. A further increase in density to 5 Â 10 17 /cm 3 (760 Torr) produces only a slight rise in the average L/D ratio to 0.27. This implies that, at a given fs laser fluence, the number density of O atoms generated from the dissociation of O 2 saturates above a critical O 2 density. In this regime, the number density of O atoms will increase with laser fluence. To better understand the evolution of Ag NPs under fs laser radiation in air, changes in particle morphology as a function of irradiation time are shown in Fig. 5 . Relatively high fluence ($14 mJ/cm 2 ) was used in order to obtain noticeable changes in morphology in the irradiated paticles in short irradiation time. Fig. 5(a) shows that after 1 s, a "tab" structure develops on the irradiated particle without any apparent damage. This is similar to the structures shown in Figs. 2-3 . With an increase in irradiation time to 4 s ( Fig. 5(b) ), particles are partially ablated, and some particles are ejected following laser irradiation leaving holes in the Si wafer, as shown in the inset in Fig. 5(b) . Because the laser fluence was much lower than the damage threshold fluence of the Si wafer, 28 the holes in the Si wafer were caused by enhanced ablation in LSP-induced hotspots as reported previously. 13 This implies that particle ablation starts from the bottom edge on the surface where the electric field enhancement is highest. Further increases in irradiation time to 7 s (Fig. 5(c) ) and 10 s (Fig. 5(d) ) produce more extensive ablation, and the particles are seen to extend in the direction of laser polarization direction due to the re-deposition of ablated material. This effect enables the joining of separated Ag NPs.
Since NPs are found to extend in the direction of laser polarization due to the accumulation of ablated material, this suggests that this effect has the potential for interconnecting separated particles in the assembly of nanodevices. Fig. 6(a) shows that the separation distance between two Ag particles was reduced due to the accumulation of re-deposited material in the laser polarization direction after fs laser radiation for 10 s at a fluence of $7.2 mJ/cm 2 . Some Ag particles are found to be connected in this way even when the separation distance was ill-defined as shown in Fig. 6(b) . Ag particles with a large separation distance ($180 nm) could also be connected after increasing the irradiation time to 50 s (Figs. 6(c) and 6(d)). The interconnecting bridge is formed via the accumulation and sintering of ablated material between the initial particles. An increase in irradiation time results in the further accumulation of re-deposited material between the separated particles, facilitating the interconnection of particles with large separation distance. This is reflected in an increase in the ratio of the total length L 1 of the irradiated particle and its diameter D with irradiation time. The measurement of L 1 and D is shown in Fig. 6(e) . Fig. 6(f) shows that, at fs laser fluence $7.2 mJ/cm 2 , the L 1 /D ratio changed from 1.1 to a constant value of $1.54 when the irradiation time was increased from 0 to 70 s.
At higher fluence, the sintering of the re-deposited material in the interconnection area became more pronounced due to high energy input, and a more compact joint structure was obtained. This dense structure can be seen in Fig. 7(a) , in the interconnection between two Ag particles with diameters of 430 nm and 500 nm separated by 110 nm. The high fluence did not cause serious destruction of the particles except in the pole areas parallel to the laser polarization direction. Figs. 7(b) and 7(c) show TEM images of the crosssectional morphology in the interconnected area. It can be seen that the two Ag particles are connected via an accumulation of re-deposited material. This is reflected in the appearance of a noticeable bonding interface between the Ag particle and the re-deposited material (Fig. 7(d) ). The presence of re-deposited material in the Si wafer suggests that the ablated material came from the ablation of both the Ag particles and the wafer as the result of localized heating. EDS analyses in the interconnected area show that Si and O are present close to the Ag particle. The ratio between Si and O atoms was $1 (EDS spots A, B, C in Fig. 7(c) ). This ratio is close to that in the SiO x (x < 2) layer on the surface of the Si wafer, 29 suggesting that this material came from the ablation of Si. In the center of the interconnection, the material consists mainly of Ag with a small amount of Si together with a small amount of O (EDS spots D in Fig. 7(c) ). This indicates that there was little retention of oxide resulting from the Ag/O reaction. This is consistent with the above analysis and reveals that no Ag 2 O is present in the ablated material. Based on this result, we conclude that O 2 assisted fs laser processing can be used to join well-separated Ag particles without causing oxidation. This method then has potential for applications in the fabrication of nanoscale electronic devices. As noted, Si in the re-deposited material comes from ablation of the Si wafer. The presence of Si in the interconnection will influence the strength and electrical conductivity of the joint. Figs. 7(d) and 7(e) show HRTEM images of the morphology in the interconnection at positions A and D, respectively. A clear bonding interface between the particle and the re-deposited material was observed in the area close to the particle ( Fig. 7(d) ), while pure Ag-Ag metallic bonding could also be obtained in the center of the interconnection, suggesting that complete metallic bonding between the irradiated Ag NPs could be obtained if Si contamination can be eliminated.
To reduce the influence of Si on the joint strength and electric conductivity, the ablation of the Si wafer can be minimized by adjusting the location of LSP-induced hotspots within the irradiated Ag particles. Fig. 8(a) shows a simulation of the distribution of hotspots in two irradiated Ag particles similar to those appearing in Fig. 7(a) . For simplification, these particles are taken to be elliptic cylinders with heights of 121 nm and 130 nm, respectively. This simulation reveals the presence of hotspots in each particle near the surface of the Si wafer and is consistent with the experimental observation of ablation in the Si wafer (Fig. 7) . Changing the height of each cylinder to 180 nm yields the field distribution shown in Fig. 8(b) and eliminates the hotspots at the surface of the Si wafer. This simple modification will inhibit the ablation of Si and prevent Si from being incorporated in the interconnecting material, leading to an improvement in the strength and electrical conductivity of the connecting bridge. Other methods, such as changing the incident laser wavelength and the separation distance between two particles, may also be used to tailor the location of hotspots. Experimental work in this area is on-going, and will be reported later.
IV. CONCLUSION
In this work, it is demonstrated that Ag NPs can be selectively ablated in the direction of the laser polarization by fs laser irradiation in air. This effect arises from the excitation of LSP-induced hotspots. It is believed that dissociation of gas phase O 2 is facilitated in the vicinity of the hotspots producing O atoms that react with Ag particles. The exothermicity of this reaction heats the Ag surface and enhances ablation in the region of the hotspots. Ablated material re-deposits near the irradiated particles and results in their spatial extension along the direction of the laser polarization. This process can be used to facilitate the interconnection of adjacent Ag NPs. TEM analysis of the cross-sectional morphology for interconnected Ag particles indicates that Ag oxides are not present in the bridge between the two particles. The presence of SiO x and Si in this bridging material is due to ablation of the underlying Si wafer and can be minimized by tailoring the size and shape of adjacent particles as well as by adjustments in irradiation conditions. 
